Introduction
The safety of radioactive waste storage has become a major concern in the development of nuclear energy since it had been generated in the early 1950s. Mortar has been widely used for radioactive waste storage because of its low permeability and could be further used for the formation of disposal engineering barriers (McCulloch et al. 1985; Wilding 1992; Glasser et al. 1994) . It is usually used to isolate the waste and fill the concrete containers in the nuclear wastes repository. As the last protection barrier, its role is to isolate the waste from water or hydrologic isolation (Plecas 2010) , so it plays a significant role on the protection system (Plecas et al. 2015) . But on account of the porousness of mortar, its permeability and porosity should be minimized in the long-term operation of the nuclear waste storage. So it is important to predict the damage of mortar in the operation of long-term waste storage. During its long service life, mortar damage is developed both under the change of internal parameters (e.g. the chemical decompositions as a result of hydration processes (Mainguy et al. 2000; Vydra et al. 2001) , and also under the change of external conditions (e.g. temperature (Lim and Mondal 2014; Vodák et al. 2004) , moisture (Saemann et al. 2000) , leading to the significant degradation of material properties. Those processes can seriously affect durability of the material (Chen et al. 2010 ) so as to reduce the safety of radioactive wastes storage.
It is generally acknowledged that high temperature can increase mortar's porosity due to the generation of micro-cracks in the structure Gao et al. 2002; Vydra et al. 2001) . The effect of temperature on strength properties of concrete has been extensively investigated (Bastami et al. 2011; Chan et al. 2000; Cül-fik and Özturan 2002; Ergün et al. 2013; Fall and Samb 2009; Gardner et al. 2005; Lin et al. 2015) , and it was concluded that the reduction in strength of a concrete is disastrous if heated up to 800°C . As reported in many publications (Caré 2008; Castellote et al. 2004; Farage et al. 2003; Lim and Mondal 2014; Rostásy et al. 1980; Zhang et al. 2013) , the change of micro-structure and pore structures of mortar subjected to high temperatures was studied, revealing that the port-landite in mortar was decomposed abruptly and transformed into lime when it was heated up to 620°C before cooling (Castellote et al. 2004) . The transport properties of mortar subjected to temperature loading have been investigated (Caré 2008; Chen et al. 2010; Chen et al. 2010; Pulkrabek and Ibele 1987; Vydra et al. 2001) . The correlation between heating-induced crack porosity (and crack aspect ratio) and permeability has been investigated (Chen et al. 2010) . The variation of porosity and permeability for mortar under heat cycling were studied (Chen et al. 2010; ). Fire tests were carried out to study the mechanical behavior of reinforced concrete frame at elevated temperatures (Raouffard and Nishiyama 2015) . Damage evaluation in mortar with history of high temperature was investigated by Henry (Henry et al. 2016) . Furthermore, the durability of an Ultra High Performance Fiber Reinforced Concrete after accelerated aging was studied through gas permeability test (Wang et al. 2014c) .
Recently, many researches focused on the strength properties, the micro-structure and the permeability of mortar subjected to high temperature effects and heat cycling (Bastami et al. 2011; Cülfik and Özturan 2002) , to a certain extent, they can provide useful information related to the macro-mechanical property and hydraulic property of mortar subjected to heating treatment. However, few of them studied the relationship between the variation of macro-mechanical, permeability and porosity of mortar subjected to heat cycling. Besides, those studies often aimed at a few heating-cooling cycles or only once, and they did not study the influence of multiple heating-cooling cycles on the mortar during the long-term operation of engineering. In this work, a special mortar was selected as the experiment object, different multiple heating-cooling cycles were adopted in order to simulate the real heating treatment during the long-term operation of engineering. And during the heating process, different maximum temperatures were selected in order to simulate the different heating treatments. During the tests, the variations of permeability, porosity and macro-mechanical of mortar were measured. The purpose of the test was to study the damage of mortar subjected to different heating treatments and heating-cooling cycles.
Testing equipment and methods

Specimen preparation and curing
The experiments were undertaken on a normalized mortar with a water/cement (w/c) ratio of 0.5. The cement was made of China commercial PⅡ52.5 Portland cement. According to the Chinese National Standard (GB 175-2007) , this cement comprised more than 95% clinker and gypsum, and 0-5% limestone. Its 3-day and 28-day compressive strengths are 31.6 MPa and 65.6 MPa, respectively. Its 3-day and 28-day tensile strengths are 6.4 MPa and 9.8 MPa, respectively. The chemical compositions and physical properties are presented in Table 1 .
In order to simulate the cement-based material covering the nuclear waste, the material whose compositions are similar to those existing in real nuclear waste repository was adopted. According to Ilija Plecas (Plecas et al. 2015) , mortar samples were prepared with the 0.5 W/C ratio and the 1/1.694 cement-to-sand ratio, which could minimize the permeability and leaching rate and maximize the mechanical strength. The standard sand (mud mass content<0.2%, mass content of SiO 2 is 96.0%) was used with 0-1 mm in diameter. The mass of the various constituents are presented in Table 2 .
Firstly, the mixing procedure consisted in the mixing sand and cement during 30 s. Then water and bubble reducing agent were added and the mixing process was maintained for further 3 minutes. Subsequently, the mixtures were put into a cylindrical organic glass mold (50 mm high, 50 mm in diameter) until no air bubbles were produced. After about 3 h, they were sealed into a plastic bag with some water at the bottom. The sealed mold remained in the laboratory at the temperature of 24 ± 1°C. After 24-h curing, the mortars were demount and stored in a freshwater tank with water temperature at 20± 5°C. After 28 days curing, the saturated mortars were taken out from the water tank.
Heating and cooling cycle procedure
The experiment was designed to simulate the in-situ conditions of the long-term storage of the radioactive wastes, therefore multiple heating-cooling cycles and different maximum temperatures during the heating process could be used. Based on the methods by Lion et al. (2005) , the reference temperature was set at 60ºC, since it could cause evaporation of free porous water without any notable effect on the CSH gel. In this study, each reaction cycle included a heating and cooling process. The heating was performed between 105°C and 200°C. During this process, the specimens were divided into three batches for different tests, which were heated up to 105, 145 and 200°C, respectively. The initial temperature was 24ºC (room temperature) and the incre- mental rate was set at 5ºC/minute by a high temperature oven. When the peak temperature was attained, samples were maintained in the oven for more 12 h until constant weights were accessed (Lion et al. 2005) . During the cooling process, samples were transferred into a freshwater tank with a temperature of 20± 5°C for 3h. In order to simulated the real heating treatment during the long-term operation of engineering, the multiple heating-cooling cycles was adopted. The specimens were processed with 5, 10 and 15 times of heating and cooling cycles, respectively. The experiment design of heating treatment for each batch of specimens are presented in Table 3 .
Testing equipment of macro-mechanical parameters
The macro-mechanical parameters tests were performed on the automatic triaxial servo-controlled instrument. The lateral pressure is controlled by a high-precision pump and automatically regulated by the computer. The measurement system consists of a pair of LVDTs (linear variable displacement transducer) and a chain transducer. Axial displacement is measured by the LVDTs installed inside the triaxial chamber. During the experiments, the deformation data was recorded by the corresponding sensors in an acquisition system.
Measurements of permeability and porosity
The permeability and porosity subjected to the heating-cooling cycles were evaluated by using a gas permeability and Porosity Test System which was jointly developed by our laboratory and Lille University of Science and Technology. The diagram of the test system is shown in Fig. 1 (Wang et al. 2014a ). The confining pressure P c is generated and controlled by an oil pump and its maximum capacity is up to 60MPa. During the gas permeability test, the interstitial pressure is controlled and monitored by two manometers, which located at the ends of both side of samples. In this test, the argon with 99.9% purity was used as permeable media instead of water. The test system can be also used to perform the porosity test through adding a pipe and a precision pressure gauge with the pressure range of 0～ 2 MPa and the resolution of 0.0001 MPa (Wang et al. 2014a ).
The porosity φ of a porous medium describing the fraction of void space in the material, it is defined by the following formula:
where V n is the effective volume of the pores (m 3 ), and V is the total volume of sample (m 3 ). In this study, the porosity of mortar is measured through the gas expansion method. The procedures is described as follows. A sample with a known bulk volume is enclosed in a container of known volume, as shown in Fig. 1 . It is connected to another container with a known volume which is evacuated (i.e., near vacuum pressure). When a valve connecting the two containers is opened, gas passes from the first container to the second until a uniform pressure distribution is attained. By using the ideal gas law, the volume of the pores can be calculated, Gas porosity and permeability tests
where P A is the initial pressure in volume V C , P B is the final pressure in the entire system, V A , V B , V C are the known volumes shown in Fig. 1 . The test samples were performed initially under the dry condition (every sample is dried at 60°C until the mass stabilization), and all tests were conducted at the room temperature of 24 ± 1°C. The permeability test were performed by using the steady state flow test method. During the test, a continuous gas flow through the specimen was monitored until a steady conditions, which is shown schematically in Fig. 1 . The inert gas (argon) was injected through the cylindrical specimen. The sample was subjected to a constant gas pressure P A through a buffer reservoir to the bottom side, and atmospheric pressure P 0 was at the upper side (Wang et al. 2014b; Chen et al. 2010) .
According to Darcy's law, the permeability of a mortar can be expressed as:
where A is the cross section of sample (m 2 ), L is the length of sample (m), P 0 is the atmospheric pressure(Pa), P is the constant mean injection pressure(Pa), Q s is the mean entry gas flow (m 3 /s), and μ is the gas viscosity (Pa·s).
Experimental results and analysis
As mentioned above, for the purpose of evaluation of damaged mortar subjected to heating and cooling cycles, a series of uniaxial tests, permeability and porosity tests have been conducted on the samples at different maximum heating temperatures (T=105°C, 145°C and 200°C) and different heating and cooling cycles (N=5, 10 and 15). All the uniaxial tests were carried out with a displacement rate of 0.075 mm/min. In the permeability and porosity tests, the confining pressure is 3MPa.
The initial porosity of the tested mortar heated to 60°C varies from 16.54% to 17.48% and the initial permeability varies between 1.32·10 -17 and 3.67·10 -17
. This variation is relatively small and shows a good reproductively of the material.
Permeability and porosity
The targeted mortar was composed of cement hydrates, un-hydrated cement particles and sand. Permeability and porosity are two important evaluation parameters of microstructure. The Permeability and Porosity Test System was used to estimate the damage effects when mortar was subjected to heating and cooling cycles. The results of porosity tests were shown in Fig. 2 .
Regardless of different heating treatment, the porosity of samples always increased after the treatment. However, CSH gel inside mortar could suffer desiccation when the heating temperature exceeded 105ºC (Harmathy 1970) . The study by Vydra et al. (2010) also showed the maximum loss of free water in endotherm at 90ºC for TEMELIN and at 95ºC for PENLY. As Lion et al. (2005) explained, aggregates expanded upon heating, whereas cement paste did not expand until 150ºC and it shrank again when temperature continued to rise. As a consequence, the strain incompatibilities between them could cause micro-cracks and resulted in high variability of porosity and permeability. What's more, water cooling method was adopted in this study and it may result in a sharp thermal shock, which could cause a severer strength deterioration when compare to furnace cooling and nature cooling . During the heating process, the outer layers of the tested specimen expands more than inner layers. At the beginning of the cooling process, suddenly cooling would lead to an internal unbalance stresses developed inside the mortar since the outer layers attempt to temperature balance with inner. So the cracks inside the mortar occurred due to sudden cooling. Besides, during each heating-cooling cycle treatment, some chemical reactions and physical reactions occurred inside the mortar, which will increase internal damage. As the number of heating-cooling treatment increased, the damage inside mortar accumulated, so the hydraulic property and macro-mechanical property of mortar changed significantly. Take q-1 as an example, the porosity of mortar increased by 11.56% under 5 heating and cooling cycles curing (T=105ºC). This phenomenon is related to combination of strain incompatibilities, physical-chemical phenomena and cracks induced by thermal shock which results in damage development within the mortar, such as crack extension, mineral dehydration, and containing moisture or free water evaporation.
Figure 2 (a) shows the variation of porosity under three maximum heating temperatures (T=105°C, 145°C and 200°C) after 5 heating and cooling cycles curing. With the increasing max temperatures in five heating cycles, the porosity gradually increases by 11.56%, 18.72% and 27.01%. It means the damage of mortar increased with the maximum heating temperature, in other words, the micro-crack gradually increased due to the increased heating and cooling cycles. So the bigger the maximum heating temperature is, the higher the porosity growth is, which means that the damage of the mortar becomes much larger. When the maximum heating temperature was 105ºC, the mortar would lose free water and some adsorbed water then forming the gap inside the mortar, and with heating and cooling cycles increased, due to the different thermal expansion coefficients between aggregate and cement paste, the damage increased with the increase of porosity. When the maximum heating temperature was 145ºC, the non-bounded water was totally lost, then the porosity continued to increase. When the maximum heating temperature was 200ºC, CSH gel desiccation were observed due to the loss of bounded water, then the porosity continued to increase.
Figure 2 (b) shows the variation of porosity under different heating and cooling cycles (T=105ºC). With the increasing number of heating-cooling cycle, the porosity gradually increases by 11.56%, 16.67% and 19.90%. With the same maximum heating temperature, the heating-cooling cycle treatment caused new micro-cracks in mortar which appeared at the beginning of cooling for each cycle. So with the increasing number of heating and cooling cycles, the micro-cracks inside the mortar accumulated gradually. It was concluded that with the number of heating and cooling cycles for the same maximum heating temperature, the cracks inside the mortar accumulated continuously, so the damage of mortar were developed and the porosity of mortar increased. Figure 3 shows the variation of sample's permeability before and after 5 heating-cooling cycle treatment under different max temperatures. Take the sample q-2(before a b q-1(before heating cycle) q-1(after heating cycle) q-2(before heating cycle) q-2(after heating cycle) q-3(before heating cycle) q-3(after heating cycle) heating) as an example, it shows that with the increase in gas pressure, the permeability of mortar decreases. This may be explained by the Klinkenberg effect which describes the collision phenomenon between gas molecules and pore walls. The increasing pressure leads to smaller effective permeability, showing the good mechanical state of the samples: damaged specimens tend to give increasing pressure (Farage et al. 2003) . It also shows that the permeability of sample is higher after the heating-cooling cycle treatment than before. The permeability increase of mortar indicates a modification of the connected porous network happened. Under the same fluid pressure of 0.5MPa, the permeability increases by 61.4%, 136.03% and 149.80% for the samples q-1, q-2, and q-3, respectively. It means that with the maximum temperature of heating process (N=5) increased, the permeability of mortar increases continuously. As can be seen from Figs. 2 (a) and 3, the porosity and permeability of mortar consistently increased. Compare with Fig. 2 , the permeability change is much larger than the porosity change in the same samples. In means that permeability is more sensitive to micro-cracks aperture and connection than porosity. Figure 4 shows the variation of porosity under different heating-cooling cycles treatment (T=105ºC). It shows that the permeability gradually increases with the number of temperature heating-cooling cycle increased. For example, under the same fluid pressure of 0.5MPa, for the 5, 10, 15 times of heating-cooling cycle treatment, the permeability increases by 61.40%, 258.20% and 391.34%, respectively. Figure 5 shows the variation of permeability during the loading and unloading process for the samples q-2 and q-3 under two different fluid pressures (0.5MPa and 1MPa). Regardless of different fluid pressures, during the loading and unloading process of confining pressure, the permeability was bigger in the loading stage than that in the unloading stage for the same confining pressure. Take the sample of q-2 for example, under the confining pressure of 15MPa, the permeability was 5.2·10
-17 in the loading stage while it was 4.35·10 -17 in the unloading stage. It means that when the confining pressure is released, the deformation of its pores cannot be completely restored, and the mortar sample underwent the plastic deformation during the loading and unloading process. This phenomenon was owing to the stress equilibrium state of mortar granule structure was destructed when the confining pressure increase after the heating and cooling cycles curing, then the granule structure of mortar happen to irreversible damage.
It is shown from those figures that the permeability of mortar decreases sharply at the beginning of the loading stage, and reduces slowly with the increase of pressure confining. It is noted that with the increasing of the confining pressure, the micro-defects would be significantly decreased when the confining pressure is small, and the micro-defects would be difficult to be further compressed with the increasing of confining pressure when the pressure much higher. Figure 6 illustrates the porosity variations of the samples q-2/q-3 during the loading-unloading process after the heating cycle. Compared with Fig. 5, Fig. 6 shows that the porosity and permeability of mortar have the same variation tendency in the loading and unloading process. q-1(before heating cycle) q-1(after heating cycle) q-8(before heating cycle) q-8(after heating cycle) q-9(before heating cycle) q-9(after heating cycle) Fig. 4 Variation of permeability under different heatingcooling cycles treatments (confining pressure=3MPa).
Macro-mechanical properties
This section is devoted to the evaluation of mechanical response of the mortar when it is subjected to the heating and cooling cycles. Table 4 shows the uniaxial compressive stress of mortar under 0, 5, 10 and 15 times of heating and cooling cycles at the maximum treatment temperature of 105°C. It can be concluded that the mortar exhibits a heating and cooling cycle effect sensitive behavior. With the increasing number of heating-cooling cycles, the cracks gradually increased due to stain incompatibilities. The developed damage could decrease the macro-mechanical properties, such as compressive strength and elastic modulus. For 5, 10 and 15 times of heating-cooling cycle treatment, the average compressive strength respectively decreases by 17.01%, 31.01% and 33.12%. Figure 7 shows the typical stress-axial strain curve of the sample under 0, 5, 10, 15 (only four tests are presented for the sake of clarity) respectively. All stress-strain curves are basically similar, and it can be divided into five stages: compaction stage, elastic stage, elastic-plasticity stage and failure stage. However, it can be concluded that when the number of heating-cooling cycle is larger, the peak stain is larger and compressive strength is lower. Fig. 8 illustrates the variation of macro-mechanical properties of typical sample under different heating-cooling cycle treatments (T=105°C). It is shown that with the increasing number of heating-cooling cycles (T=105°C), more severe deterioration in macro-mechanical parameters (peak strength and elastic modulus) happened due to the accumulated damage of internal structure. In contrast to the reference value, the elastic modulus and compressive strength for 15 cycle times decrease by 60.41 and 37.94%, respectively. Fig. 7, Fig.  9 shows that the mortar is more ductile with the maximum temperature of heating process. Figure 10 shows the comparisons of compressive strength and elastic modulus for four different maximum heating temperatures (60°C, 105°C, 145°C and 200°C) . With the increase of maximum heating temperature, the compressive strength and the elastic modulus gradually decrease. In contrast to the referenced value, the elastic modulus and compressive strength for 200°C decrease by 66.45% and 50.30%, respectively. 
Conclusions
In the present study, the measurements of porosity, permeability and macro-mechanical property were conducted to evaluate the effects of heating and cooling cycles upon a mortar. The tests were performed on the mortar samples subjected to 5, 10, 15 cycling times and maximum heating temperatures of 105°C, 145°C and 200°C. The results indicate that the degradation of the mortar is due to the evaporation of free water and the formation of pore gaps in the process of the heating and cooling cycles. And on account of the different thermal expansion coefficients between aggregate with cement paste, the pore gaps continue to develop.
With the increase of maximum heating temperature (N=5) and with the increasing number of heating and cooling cycles (T=105 ºC), the porosity and permeability of the mortar increases gradually, and the compressive strength and the elastic modulus gradually decrease while the peak strain gradually increases. The porosity and the permeability of the mortar consistently decrease, and the permeability was more sensitive than the porosity to heating and cooling cycles curing.
Another conclusion is drawn from the permeability tests. The permeability of the mortar reduces gradually with the increase of confining pressure in the loading stage, and increases with the decrease of confining pressure in the unloading stage. Moreover, the permeability of mortar is larger in the loading stage than in the unloading stage under the same confining pressure.
